Polymer electrolytes containing poly(ethylene imine) (PEI) and lithium bis(trifluoromethylsulfonyl) imide (LiTFSI) can serve as model electrolytes for electrochromic devices. Such electrolytes were characterized by differential scanning calorimetry, conductivity, and viscosity measurements. 
Introduction
Electrochromic (EC) devices can be used for transmittance modulation in "smart windows" [1 -5] .
The technology is of much interest for decreasing the energy expenditure in the built environment by diminishing the need for air conditioning [6] , and additionally it can be beneficial for indoor comfort [7] . If implemented on a large scale, EC technology can contribute significantly to energy security and can reduce global warming, nationally [8] as well as internationally [9] .
The standard EC device for "smart windows" has an electrolyte at the center. It joins two nanoporous oxide films with EC properties, typically being cathodically coloring W oxide and anodically coloring Ni oxide [4] . Surrounding this three-layer stack are transparent electronically conducting thin film electrodes. Optical modulation occurs when charge is shuttled between the EC oxides by the application of a dc voltage between the electrodes. Manufacturing technology is the key to practically useful "smart windows", and, in particular, the electrolyte is critical in this regard. It is applied according to one of three different strategies in EC "smart window" products and full-size prototypes, viz.
(i) the full EC device is prepared by successive depositions of five layers onto glass; here the electrolyte is an inorganic thin film, ideally giving a complete electrical separation of the EC layers (ii) the device is fabricated in two steps, with two glass substrates each having a two layers; the two parts are joined via a slow vacuum filling process using a liquid-like electrolyte injected into a millimeter-wide gap separating the coated glasses [10] , and for large-area applications. Poly(ethyleneimine) (PEI) is an interesting alternative for a variety of reasons, including its ability of complexing metal ions and acting as a polyelectrolyte [16] . The formation of an electrolyte with PEI is easy because of its convenient viscosity, which makes it unnecessary to use plasticizers. It is therefore a convenient model electrolyte for studies related to EC devices.
It has been suggested [14] that PEI has good solvating ability for many salts because of its structural properties; specifically PEI has sufficient spacing of the heteroatoms in the repeated chain unit due to the length of the C-N bond and the atomic radius of nitrogen. These features lead to the formation of a suitable helical structure and easy dissolution of salts [14] . [14] .
Branched PEI is superior to linear PEI in its ability to make homogeneous amorphous salt complexes at low salt concentrations [17] .
Viscosity, ion transport, thermal stability, and conductivity are important properties for electrolytes.
Electrolytes for EC applications must have moderately high ionic conductivity, convenient viscosity for applications, and thermal stability up to about 60 o C. Recent work [18] has shown that lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) gives low viscosity, specifically being considerably lower than that of LiClO 4 .
A number of PEI-based electrolytes have already been investigated. Specifically PEI with salts of Li 2 CF 3 SO 4 [16, [19] [20] [21] [22] , NaCF 3 SO 3 [17, 19, 23] , LiSbF 6 [22] , NaI [24] , and LiClO 4 [20, 25] 
Experimental

Materials
Branched PEI with average molecular weight 10.000 and purity 99% was obtained from Alfa-Aesar.
The Li salt LiTFSI (LiN(CF 3 SO 2 ) 2 , 99.95%) and anhydrous methanol (CH 3 OH, 99.8%) were supplied from Sigma-Aldrich and Merck, respectively. PEI was dried before use at 65 °C and 10 -1 mbar for 48h.
LiTFSI was used after drying at 150 °C and 10 -1 mbar for 72h. Methanol was used as received. All materials were stored dry (<1 ppm H 2 O) in a glove box under nitrogen atmosphere.
Sample preparation
For the formation of the polymer electrolyte, LiTFSI was added to the methanol and stirred until it dissolved. PEI was then added to the homogeneous solution and further stirring took place. Solutions were kept at 65°C and 10 -1 mbar for 48h to remove the methanol and for drying the samples. Table   1 shows molar ratios, salt concentrations, and densities of PEI-LiTFSI electrolytes used in the experiments. The density was obtained by dividing the total mass of the electrolyte, obtained from weighing, by the measured volume. The density of the electrolyte decreases with increasing salt concentration. The as-prepared electrolytes have the appearance of sticky gels.
Characterization techniques
Ionic conductivity measurements of PEI-LiTFSI electrolytes with different salt concentration were 
Theory
Fluid behavior
Viscosity is defined as the ratio between shear stress τ and shear rate γ and is a measure of a fluid's resistance to flow [27, 28] . 
Temperature dependent viscosity
The temperature dependent viscosity of a polymer electrolyte is generally described by the Vogel- 
where A is a pre-exponential factor, B is proportional to an activation energy, T is temperature, and 0 T is related to the glass transition temperature. In a special case with 0 0 T = , the temperature dependence of the viscosity can be described by an Arrhenius equation, i.e.,
exp( )
where D is a pre-exponential factor, a E is an activation energy, and R is the gas constant.
Results
DSC measurements
DSC measurements on PEI and PEI-LiTFSI were performed between -80°C and 80°C, and Fig.2 shows data for different molar ratios. Glass transitions can be seen as small steps for all samples.
There is no evidence for melting or recrystallization. It is clear that PEI-LiTFSI electrolytes have T g s between -45°C and -63°C at different molar ratios. The estimated T g of PEI is -59°C. Adding Li salt to the polymer first decreases T g . When the molar ratios of the electrolytes exceed 50:1, the T g s of the electrolytes are below the T g of the PEI. Between the molar ratios 400:1 and 50:1, the changes in T g are only 1 to 2°C, but adding more salt causes a large increase in T g . Figure 3 describes T g versus salt concentration in detail for the PEI-based electrolytes. Clearly T g displays a minimum at a molar ratio of 100:1. A decrease in T g facilitates the motion of ions in a polymer electrolyte [30] , and hence we conclude that ion motion in PEI-LiTFSI electrolytes with 100:1 molar ratio is easier than for the other molar ratios. Comparing the data in Figs. 3 , 5, and 6, it is evident that η, Y s , and T g display the same dependency upon changes of the salt concentration. Specifically, all of these properties increase when the salt concentration goes up. All of these properties change less at low concentrations than at high ones.
Viscosity measurements
Furthermore, η and T g increase more at molar ratios below 50:1 than at ratios above this value.
Enhanced values of η and T g upon increasing salt concentration lead to a drop in the segmental flexibility of the polymer chain [31] , and hence our data point at a significant decrease of this flexibility below the molar ratio 50:1.
The temperature dependence of the viscosity was fitted by the VTF equation, but in each case we found that T 0 was not significantly different from zero. Hence the temperature dependence is of Arrhenius type (Eq. 4). Figure 7 shows that data on ln(η) versus inverse temperature indeed display linear relationships and the correlation coefficients for the fittings were in all cases better than 0.996.
Reliable activation energies were not found for the 20:1 and 10:1 samples because they could not be measured at the lowest temperatures. The Arrhenius parameters, D and E a , are listed in Table 2 for different molar ratios. It is seen that the activation energy does not depend significantly on the salt concentration. It is also very similar to the activation energy of the ionic conductivity, as obtained from the data in Fig. 1 .
Discussion and Conclusion
PEI-LiTFSI electrolytes were characterized by DSC and viscosity measurements. The electrolytes were found to have a glass transition between -45°C and -63°C at different molar ratios, and they were thermally stable above these temperatures. Adding salt firstly decreased T g and then increased it drastically. The electrolytes had minimum T g s at the molar ratio 100:1, showing that ion motion is easiest at this molar ratio.
The fluid behavior of the electrolytes was characterized via the Bingham plastic model. Rheological parameters showed that the flow behavior changed with the salt concentration. The viscosity increased at higher concentrations. A minimum of the viscosity at 100:1 points at facile ion motion at that molar ratio. It is also concluded that the molecular mobility of the electrolytes exhibits a considerable decrease for molar ratios below 50:1. The yield stress displayed some increase with salt concentration.
The parameters of the Bingham plastic model and T g showed a similar behavior with regard to concentration. The temperature dependence of the viscosity was well described by an Arrhenius equation; the parameters of this equation were rather independent of the salt concentration.
The present work has demonstrated that PEI-LiTFSI electrolytes combine a number of properties that make them interesting for applications in laminated electrochromic devices [4, 11] , and the work serves as a starting point for more in-depth studies. 
